In this work, lead-free Na 0.4 Bi 0.5 TiO 3 -K 0.1 Bi 0.5 TiO 3 (NKBT) piezoelectric ceramics were prepared by the solid-state reaction method and their structural, ferroelectric and dielectric properties were systematically studied. NKBT sintered at 1150˚C for 4 h exhibited highly dense (96% -98% of the theoretical density) and uniform grains of size 1.1 μm. The coexistence of tetragonal (P4bm) and rhombohedral (R3c) phases due to the presence of morphotrophic phase boundary for the chosen composition has been confirmed by the Rietveld refinement studies. Enhanced ferroelectric properties such as remnant polarization (P r ) and coercive field (E C ) are found to be 37 μC/cm 2 and 30 kV/cm, respectively. The optimized synthesis procedure for NKBT ceramics resulted in enhanced strain (%) and converse piezoelectric coefficient (d 33 * ) of 0.3 % and 554 pm/V which is attributed to smaller grain size and switching of non 180˚ domains. NKBT ceramics with such excellent piezoelectric properties can be considered as a promising candidate for actuator applications.
Advances in Materials Physics and Chemistry microphones etc. [1] . These devices work based on the fundamental piezoelectric properties, i.e., polarize electrically when subjected to a mechanical stress and conversely, induce mechanical deformation (change in the shape of crystal) under an applied electric field [2] . As of now, lead (Pb) based systems are exhibiting high piezoelectric constants due to the presence of Morphotropic Phase Boundary (MPB), where the two phases co-exist. However, its toxicity to humans and environment, has motivated to look for lead-free piezoelectric systems. Besides the advantage of MPB, a high Curie temperature (T C > 250˚C) is an essential factor for exhibiting stable piezoelectric characteristics over a wide temperature range [3] .
Among such high temperature piezoelectric systems, Na 0.5 Bi 0.5 TiO 3 (NBT) and K 0.5 Na 0.5 NbO 3 (KNN) are believed to replace lead-based systems with high "T C " [4] . Smolenskii et al. [5] found NBT system with high piezoelectric properties compared to that of lead-based systems. Similar to PZT and PMN-PT, NBT [6] bismuth (Bi 3+ ) based compounds possess ion off centering driven by chemically active 6s 2 lone pair on Bi 3+ ion, which is responsible for large structural distortions leading to greater polarizability. Nevertheless, due to the high coercive field (E C ), NBT requires very high field to change the domain orientation while poling which hinders the use of NBT in the conventional device [7] .
The electrical and structural properties of NBT system can be modified by the substitution of larger K + ion in the Na-site which results in lattice distortion and can enable the formation of MPB with co-existence of rhombohedral and tetragonal phases [8] . In turn, the K + ion acts as a pinning site for long-range lattice diffusion thereby resulting in reduced grain size and increase in the domain mobility. This facilitates in achieving the low "E C " and enhanced ferro/piezo electric properties for NKBT ceramics [9] . A brief comparison of recently reported structural, ferroelectric and piezoelectric characteristics of both lead-based and lead-free [10] [11] [12] [13] [14] composites are given in Table 1 . Compared to lead-based systems, the strain values are low in the case of lead-free systems due to their higher "E C " and hence require higher electric fields to induce the polarizability during the poling process. Hence, the objective of the present work is to enhance the strain and converse piezoelectric properties with reduced grain size by preparing dense Na 0.4 K 0.1 Bi 0.5 TiO 3 (NKBT) ceramics. Stoichiometric amounts of carbonates and oxides were dried at 100˚C for 4 h to remove any adsorbed moisture. Initially, the mixture of powders was ground in a mortar with acetone as a medium for 6 h for proper homogeneity and then N. S. Sowmya et al. solid state reacted at 800˚C for 2 h to remove the volatile materials. The resultant powder was pulverized and X-ray powder diffraction (XRD) analyses were performed using a PANalytical X'PERT PRO MRD. To attain uniform particle size, calcined powders were ball milled in ethanol using Zirconia balls at 100 rpm for 12 h. 1 wt% Polyvinyl Alcohol (PVA) was added as a binder and uniaxially pressed into pellets (10 mm diameter with 1 mm thick) under a pressure of 145
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Sample Preparation
MPa. Green pellets (density ~62% -64%) were sintered at 1150˚C for 4 h at a slow heating rate of 3˚C/min in a high temperature programmable furnace. The measured volume shrinkage of the sintered NKBT pellets was around 30% -35%. At 1150˚C, the bulk density of the NKBT ceramic was in the range of 5.75 -5.86 g/cm 3 , which is~96% -98% of the theoretical density (5.96 g/cm 3 ), measured in accordance with Archimedes principle using water as the immersion fluid.
Characterization
The phase content and crystallinity of the sintered pellets are measured using PANalytical X'PERT PRO MRD with Cu Kα (λ = 1.5417 Å) radiation at room temperature in the 2θ range from 20˚ to 80˚ with a step size of 0.0167˚. The
Rietveld analysis of the X-ray diffraction pattern was carried out for the MPB composition using FULLPROF software package. The microstructures of the polished samples are characterized using field emission scanning electron microscopy (FE-SEM) (JSM-7600). For proper grain boundary determination, the sintered NKBT pellets were thermally etched at 1100˚C for 10 min (50˚C lower than the sintering temperature). The average grain size was determined using Image J software. In order to measure dielectric and ferroelectric measurements, samples were electroded using silver paste on both sides of the sintered NKBT pellets, dried and fired at 100˚C for 2 h. An Alpha-A high-resolution impedance analyzer (Novocontrol GmbH, Germany) was used for dielectric measurements. The 
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Figure 1 ) of NKBT are given in Table 2 . grain size of NKBT is much smaller when compared to NBT (7.8 ± 3.2 μm) system [18] . Therefore, even a smaller substitution of K + in the NKBT solid solutions Advances in Materials Physics and Chemistry inhibits the grain growth. Absence of phase segregation at grain boundaries in the microstructure confirms the complete solubility of K + in the NBT lattice.
From Figure 3(d) , it is clearly observed that stripes pattern exist inside the each grain which are the characteristics of domain configuration in ferroelectric ceramics. G. Arlt et al. [19] ascribed that twinning occurs in all ferroelectric ceramics at a temperature below the structural phase transition in order to minimize the elastic energy. In turn, the fractured surface (Figure 3 (e)) confirms the compact structure of fine grained NKBT ceramics with no traces of porosity leading to enhancement in ferroelectric and piezoelectric properties as discussed in the below sections.
Electric field dependent polarization (P-E) hysteresis loop and their corresponding switching current (I-E) of NKBT ceramics are shown in Figure 4 (a).
The observed well saturated loop depict typical ferroelectric behavior. In the present study, the measured "E C " value of 30 kV/cm which is lowest compared to the reported literature [20] [21] and "P r " value of 37 μC/cm 2 is comparable to those prepared by conventional solid-state sintering method [18] . The reduced "E C " could be attributed to the smaller grain size due to the substitution of K + which in turn reduces the domain width and enables the easy mobility of ferroelectric domains [22] . In addition, effective poling can be achieved since low electric field is sufficient to cause switching of domains. I-E hysteresis loop exhibits two typical current peaks at the threshold electric field of +E F and −E F at the I st and III rd quadrant. These loading and unloading cyclic electric fields represent intrinsic ferroelectric character, indicating the domain switching behavior in NKBT ceramics. 
Conclusion
The effect of reduced grain size on piezoelectric properties in K-substituted NBT system has been studied. A remarkable increase in strain (0.3%) and reduced coercivity (E C = 30 kV/cm) in Na 0.4 Bi 0.5 TiO 3 -K 0.1 Bi 0.5 TiO 3 system could be attributed to highly dense and uniform microstructure. Interestingly, enhanced converse piezoelectric coefficient, equally important for device fabrication and the above studies are currently underway.
